As a pilot study into the understanding of the occurrence of extreme waves, the spatial development of an extreme wave (Ac/Hs=1.59) in a model basin was investigated. This wave occurred in a wave spectrum that was not extremely steep and non-linear. It is observed that the extreme wave develops in less than half the wavelength from a relatively normal wave into an extreme crest. The wave crest stays high and constant over a large distance (almost 75m). Linear dispersion is not able to predict the wave propagation towards the observed extreme wave crest. Second order theory improves the prediction of the crest amplitude, but not enough. The crest amplitude is still underestimated. This is confirmed by the plots of the probability of extremes. The linear Rayleigh distribution underestimates the crest amplitudes. The second order distribution follows the measurements much better, but also in this case typically the highest 10 crests in a 3 hours storm are underestimated. 
INTRODUCTION
In the offshore and shipping industry, the last few years there has been a lot of attention to extreme wave events [1] [2] [3] . Hurricanes Ivan, Katrina and Rita in the Gulf of Mexico confirmed the importance of these extreme waves for all types of offshore structures [4] [5] [6] [7] [8] . At the 'Marco Polo' TLP [8] a maximum wave height of more than 28 m was recorded during hurricane Rita. To assure the integrity and safety of a platform, extreme waves should be taken into account in the design. A lot of research has been carried out already on airgap problems of fixed platforms. However, for floating structures such as TLPs, Semis and Spars the wave loading and response is much more complex, as was shown in recent work on the Snorre TLP [9, 10] . This brings the offshore industry to questions such as:
-How do we identify and characterise extreme waves? -How are these extreme waves generated (for instance in hurricane type conditions)? -How do we carefully take into accounting their inherent randomness? -What is the effect of short-crestedness? -What are the loading levels and dynamic response of the platform? -What are the available measures we can take in the design? -How should we analyse them with full scale measurements, model tests and simulations?
the dynamic response of a TLP after the deck is hit by a large wave. The present paper presents the spatial analysis an extreme wave in a model basin. This wave was observed as part of a normal wave calibration process in the MARIN Offshore Basin [11] .
First the paper describes the initial observation of an extreme wave crest as part of a normal wave spectrum calibration. In the further paper the spatial development of this extreme wave over a range of around 280m is investigated and discussed.
Figure 3: Overview of the Offshore Basin

INITIAL OBSERVATION
A long-crested wave spectrum was generated with a significant wave height Hs=11.9m and a spectral peak period Tp=15.3s (JONSWAP γ=2.6) under an angle of 15 degrees with a current of Vc=1.9 m/s, see Figure 4 . The scale for the experiment was 1:48.77. The wave duration was 3 hours (prototype) and the resulting spectrum is presented in Figure 5 . It should be noted that no specific attempts were made to generate high waves and a normal random wave signal was used at the wave flaps. The wave was generated on the vertical current velocity profile that is presented in Figure 6 .
Figure 6: Vertical current velocity profile
During the calibration of this spectrum, which is in itself not extremely steep (Hs/λ~0.03), a high wave crest was observed at the measurement location, as can be seen in Figure  7 and 8. This wave had a ratio between Crest Amplitude (Ac) and Significant wave height of Ac/Hs=1.50 and a ratio of As a pilot study into the understanding of the occurrence of this type of extreme waves, the spatial development of this wave in the basin was investigated further.
SPATIAL MEASUREMENTS
To do this, the wave was repeated and measured with a special frame of 5 wave probes, as shown in Figure 9 . The positions of these probes were:
wave 1 -66.13m wave 2 -22.82m wave 3 -6.34m wave 4 0.00m wave 5
3.90m For the first test (denoted 'run 3') wave probe 'wave 4' was placed at the location where the original wave was measured in the past. For the other 3 runs the frame of 5 probes was placed in the direction of wave propagation (run 4 and 5) and towards the incoming wave (run 6). This is indicated schematically in Figure 4 . For each new run the wave probe at the extreme locations in the frame were overlapping, which resulted in the positions and measurements in the wave direction in The repeatability of the wave was very good and as a result it was possible to study the spatial development of this extreme wave event. As an example, Figure 10 presents the time traces of the wave at the different locations, clearly showing that the wave develops from a normal high wave to an extreme wave crest over a short period and distance. To better understand this extreme crest, a further analysis was carried out in a number of steps. Figure 11 shows the sample distribution of the wave measured at the original location. As the Skewness and Kurtosis can be important indicators for the possibility of extreme waves [12], they were determined as well. A Skewness of 0.14 and Kurtosis of 3.16 (Excess Kurtosis of 0.16) were found. Taking into account the relatively small steepness already mentioned earlier (Hs/λ~0.03) and considering the results presented by Antão and Guedes Soares in [12] , the present wave spectrum cannot be considered to be extremely non-linear. Still, the observed extreme wave crest occurred.
REVIEW OF WAVE PARAMETERS
Figure 11: Sample distribution
As a next step, the ratio between Crest Amplitude (Ac) and Significant wave height (Ac/Hs) was determined for the 17 available locations. Again Hs was defined as 4√m 0 . Table 3 and Figure 12 show the interesting results of this analysis. -The wave develops in less than half the wavelength (~365m) from a relatively normal wave into an extreme crest. Especially between -22.8m and 0m the Ac/Hs ratio increases rapidly from 1.34 to 1.50m. -From there the wave crest stays high and constant over a large distance (almost 75m). This seems much longer than one would expect based on linear dispersion. -After the extreme crest amplitude has occurred, it can be seen from the measurements and visual observations in the basin that the wave breaks (between locations 13 and 14).
Of course it is the question whether this extreme wave crest is just a case of 'bad luck' due to the combination of the different wave components of the wave spectrum at that location, or something more complex. In essence an extreme wave can of course also occur in linear theory, although with a (very) small probability.
STUDY WAVE PROGRESSION
To investigate this, it was tried to predict the wave at the 'reference' location with the highest Ac/Hs ratio of 1.59 (position 10, location 'wave 2' in run 4 at 47.21m) based on the 'input' wave at the different locations in front of this position (positions 1-9). This was done based on two theoretical wave models:
-Linear wave theory -Stokes second order theory
The linear theory provides a useful first approximation to the wave motions, but this small-amplitude wave theory is generally not that applicable to extreme waves. In order to approach these steep waves more accurate, use of second order wave theory is becoming more widespread, see for instance the work of Stansberg and Forristall [14, 15] . For both wave theories the wavelength and celerity are independent of wave height, which means that the linear dispersion relation is still valid. At third and higher orders, wave celerity and wave length increase with wave heights. This makes it difficult to describe the dispersion for a random wave train in which the waves constantly change height and celerity [3] .
The dispersion of the input wave to the reference location is calculated according to linear theory with the following three steps:
1. Convert the measured time trace at the input location to the frequency domain 2. Correct the phase of each frequency component separately to the reference location 3. Convert corrected frequency domain data to the output time trace at the reference location
For the first and last step respectively the Fast Fourier Transform (FFT) and its inverse (IFFT) are applied. The phase correction in the second step is applied based on the ratios between the distance from input to the reference location and the wave lengths which follow from the linear dispersion relation:
in which ω is the wave frequency, U the current velocity component parallel to the waves, h the water-depth and k the wave-number which equals 2π/λ (the wavelength). The solution is found numerically with Newton's method.
The dispersion of the wave according to second order theory is calculated with a slightly extended method:
1. Derive the first order components of the measured input wave with an iterative procedure, such that these first order waves plus the corresponding second order waves equal the measured input wave. 2. Calculate the dispersion of the first order wave from the input location to the reference location, based on the probe-distance and the wave length derived from the linear dispersion relation as described before. 3. Calculate the second order wave components for the first order wave at the reference location and sum all wave components at the reference location.
The second step in this procedure is similar to linear wave dispersion described before, but the first and last step use the second order wave theory. In these steps the second order time trace is produced by using the method of Sharma and Dean [13] . The method results from second order wave theory as: 
The use of FFT algorithm, the symmetry of the second order term and vector manipulation such that equal frequencies are summed before the transform is applied, make it fast to transform the second order sum and difference frequency components into the second order time signal.
The sum and difference-frequency waves are not determined for the entire, theoretical frequency range. Both are restricted to the frequency range [0, ω max ], where the cutoff frequency ω max depends on the wave spectrum. A secondorder fit is not realistic above the cut-off frequency since third-and higher order effects are bound to occur. The exact formulation for the cut-off frequency (or cut-off wave number k max ) is taken from [13] and equals:
in which σ is the standard deviation of the wave record and N the number of independent amplitudes, estimated from the zero up-crossing period and the duration of the signal.
To derive the first order components of the measured input wave the following iterative scheme is used:
a. 1 st order waves = measured wave -2 nd order waves b. calculate 2 nd order waves for output from step a c. check if output a + output b = measurement
The start value for the 2 nd order waves is taken equal to 1% of the measured waves. For the waves considered, this iterative scheme is found to converge reasonably fast. The break-off criterion for the iterative scheme is chosen as follows: 
A threshold value ε of 0.01 was used in the examples shown in this document.
The results of this analysis are shown in the time traces in the group of figures of Figure 16 at the end of the paper. For each of the 'input' positions between position 1 at -136m and position 9 at 3.9m (see Table 3 From Figure 16 the following can be observed:
-Except for the actual high crest, linear dispersion seems to predict the wave propagation reasonably well. -The last picture in Figure 16 shows that both linear and second order theory are able to describe the observed extreme crest, but the rest of the figures makes clear that this is not enough to predict the wave at the reference location based on the wave at the input location. Especially with just linear dispersion the crest amplitude is underpredicted (and the trough depth overpredicted). -Second order theory improves the prediction of the crest amplitude, but not enough. The crest amplitude is always underestimated. However, the prediction of the wave troughs is much better using second order wave theory. In linear theory the troughs are much too deep, whereas with second order theory they are generally predicted well.
-When the input wave is not high itself (for instance at136m), the second order correction does not really improve the prediction of the extreme crest amplitude at the reference location. Only when the input wave crest itself is higher, the second order correction seems to improve the crest prediction. This shows that linear dispersion combined with second order correction is not sufficient to predict the development of the present wave crest. -As observed based on Figure 12 , the wave crest stays high and constant over a large distance (almost 75m). This seems much longer than one would expect based on linear dispersion.
DISTRIBUTIONS OF THE EXTREMES
Finally the distribution of the extreme crests has been investigated (single amplitude extremes) for these locations. The probability of exceedance of the wave crest height relative to the significant wave height has been assessed as follows:
-The value of each wave crest was determined and divided by Hs to obtain the Crest/Hs-value -These values were sorted in descending order (highest value has rank 1, lowest value has rank N) -The Crest/Hs-values were plotted versus the corresponding probability of exceedance
There are several ways of calculating probability of exceedance, i.e. median rank, the Gringorton plotting position, Weibull probability function or such that the highest point has a probability of exceedance of zero. Figures 13 and 14 show two different ways of plotting the Crest/Hs-values. Figure 13 shows the probability of exceedance of Crest/Hs-values according to:
This means that the highest point (rank 'x' = 1) has probability of exceedance zero and therefore is not plotted on the logarithmic scale. Figure 14 shows the probability of exceedance of Crest/Hs-values according to the Weibull probability function:
In this approach the highest point (rank 'x' = 1) has an exceedance value of 1/(N+1). This value is non-zero and is therefore plotted on the logarithmic scale.
Both Figures also give the linear (narrow banded) Rayleigh distribution of the crests according to: 
Nowadays, a lot of times second order wave theory is used to determine the extreme wave statistics of airgap problems [15, 16] . Therefore also the second order distribution is presented in the Figures, according to [16] : Based on Figures 13 and 14 it can be observed that the linear Rayleigh distribution underestimates the crest amplitudes. The second order distribution follows the measurements much better, but also in this case typically the highest 10 crests in a 3-hour seastate are underestimated. So it is not just the extreme crest that is outside the presently used linear and second order distributions. It should be noted that the present distributions are based on long-crested waves in a model basin and that the situation in a short-crested seastate can be different [2] . However, also in the full scale measurements at the Marco Polo TLP similar trends and crest heights were observed [8] . Figure 15 gives an example of the present wave compared to a wave measured during Hurricane Rita.
. 
CONCLUSIONS
Based on the results presented in this paper, it can be concluded that:
-Even in a wave spectrum that is not extremely steep and non-linear, high wave crests have been observed with a ratio between Crest Amplitude (Ac) and Significant wave height of Ac/Hs=1.59 -The extreme wave develops in less than half the wavelength from a relatively normal wave into an extreme crest. -The wave crest stays high and constant over a large distance (almost 75m). This seems much longer than one would expect based on linear dispersion. -Linear dispersion is not able to predict the wave propagation towards the observed extreme wave crest. The crest amplitude is underpredicted and the trough depth is overpredicted. -Second order theory improves the prediction of the crest amplitude, but not enough. The crest amplitude is always underestimated. However, the prediction of the wave troughs is much better using second order wave theory. -This is confirmed by the plots of the probability of extremes. The linear Rayleigh distribution underestimates the crest amplitudes. The second order distribution follows the measurements much better, but also in this case typically the highest 10 crests in a 3-hour seastate are underestimated. So it is not just the extreme crest that is outside the presently used linear and second order distributions. It should be noted that the present distributions are based on long-crested waves in a model basin and that the situation in a shortcrested seastate can be different. 
